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•eculiar Behaviour of the Manicouagan 3 Dam's Core
'· Dascal
Geology and Geotechnical Department, Hydro-Quebec, Montreal, Quebec, Canada

YNOPSIS The presence of some horizontal or subhorizontal zones of weakness (cracks ot• decompressed layers) 1 ed to
igh pressure development in the downstream part of the relatively wide till core of Nanic 3 dam. A short description
f the investigation works to determine the location of the weakness zones and an analysis of the causes which produced
hese zones are presented in this paper.

NTRODUCTI ON
ince the reservoir's impounding (in the fall of 1975)
he pore pressure in the dam's core, recorded by electrial (vibrating wire) piezometers, has exhibited a pecuiar behaviour. Thus the piezometers installed above
levation 137m (450') in the downstream part of the
ore have recorded very high pore pressures, i.e. only
few feet below the reservoir level.

were identified sliahtl.Y below the riverbed.

o explain this hiah pore Pressure the followina hypoheses have been considered :
) High anisotropy of the core
) The transition and the shell materials have a permeability similar to the horizontal permeability
of the core, and consequently, the dam behaves as
a homogeneous fill
Prese~ce of cracks in the core, which allow the
transmission of high po.re pressures to the downstream
side

In view of the nature of the available impervious till ,
i.e. low plasticity and deficiency of coarser particles
and considerin~ the particularities of the dam's foundation, a wide and nearly symmetrical core, having a width
to hydraulic head ratio of about 0.8 was desi~ned as a
precaution against cracking, The core is protected by
wide filter-trans it ion zones and supported by ~ranular
shells with average side slopes of 3 : 1. The rather
flat slopes were adopted in view of the liquefaction potential of the fine loose sand in the foundation when
subjected eventually to earthquake loadings. In addition,
the axis of the dam was curved on a 500 m (2,000 ft.)
radius located at a point where the abutments converge in
a downstream direction (for at least the topmost 60 m
( 200 ft.) of the structure), in order to achieve a wed:~ing effect.

Desian considerations of the Manicouaaan 3 dam have
already been examined in a number of technical papers
(Dreville et al. 1970, Pigeon 1974, Dascal 1973, Dascal
1979). Conseq~ently, only a brief summary of the principal characteristics are presented here.

o evaluate the validity of the above mentioned hypothe2S a number of analyses, accompanied by field investi~tions were carried out in 1977 and 1978.
The results
f these analyses and field findings are presented in
his paper.

Seepage control throu~h the pervious alluvium foundation
is realized by a positive cast-in-place concrete doub~:e
cut-off wall. Supplementary safety measures included an
uostream blanket 9 m 130ft.) thick, 1 inkina the oartial
cut-off lbuilt fot· dewatering purposes) of the upstream
cofferdam with the core of the dam, and a horizontal
drainage layer under the downstream shell. An inspection
tunnel, surmounting the cut-off walls (at the base of
the core) allows grouting between the walls, as a supplementary safety measure, i f the cut-off watertightness
fails. Figure 1 illustrates the typical cross-section of
the dam.

RINCIPAL FEATURES OF THE f4AIN DA/1
)mmissioned at the end of 1975, the main dam of the
micouagan 3 Hydro Power Development is located on the
1icouagan River some 88 km (55 mi.) north of its
mfluence with the St Lawrence river and at about
50 km (350 mi.) north-east of Montreal, Quebec. The
l7 m (350ft.) high earth fill dam having a 390m (1280
t.) length was designed and built using locally avaiible materials: sand, gravel, and glacial till (morain)
; the dam's site, the river valley narrows considerably
td both banks rise steeply above its floor which is
tderlain by a 125m (410ft.) deep alluvial canyon.

CONSTRUCTION PARTICULARITIES OF THE DAM'S CORE
1e bedrock is a coarse-grained anorthosite of precam·ian age with very little weathering at the surface.
!diments in the valley vary from fine silty sands to
>ulders rarely exceeding 1 m (3 ft.) in diameter.
!nerally, the boulders are located in the gorge and
!ar bedrock with the sands and gravels in the center
the valley. Extensive zones of fine loose sands

The grain size analysis of the till indicates a wellgraded material, contain in~ an average 5% gravel and over
50% silt-clay particles (f1g. 2). The mineral composition of the particles between sieves # 40 and # 200 is
mainly quartz (85 - 90%) with various amounts of feldspar,
biotite, hornblende, garnet and magnetite. The grains
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Figure 1 Typical cross-section of the dam
tory rollers. However, to avoid further defonnation
(fissuration) of the material under traffic, a major
modification of the placement and compaction procedur
was introduced. The traffic of the trucks hauling th
till was limited to the transition zones only; no tru
was allowed access on the till surface. The material
dumped on the upstream or downstream edges of the cor
was spread by bulldozers in layers of 100 to 150 mm
(4 to 6 in.) along the upstream-downstream axis and 1
lowed by compaction along the same direction with
3 - 4 passes of the vibratory rollers. This directio
compaction is a major deviation from the general prac
adopted by the profession. Tests and control trenchE
excavated subsequently in compacted material did not
reveal the presence of any compact ion joints or weakr
planes. The average degree of compaction reached 98.
with less than 15% below 97% and at an average water
content of only 0.9% over the optimum •

are in general equidimensional and angular. The same
mineral composition prevails for the fraction passing
sieve # 200, the presence of real clay minerals beina
very 1imited in spite of a clay size particle content
(<2fl) of 4 to 15%. In aeneral the material passing
sieve # 40 is non-plastic, however some samples indicated liquid limits around 17- 18% and plastic limits of
12 - 13%.
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This compaction procedure was followed as far up as 1
vation 177m (580 ft.) where the width ofthe core be
too narrow to accomodate compaction equipment, and COl
quently the normal procedure, compaction along the 1~
tudinal axis of the dam was resumed .
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The filter-transition zones on both sides of the carl
are constituted of well-graded sand and gravel with
75 mm (3 in.) maximum grain size. The fine .content
1imited to a maximum 5% for the downstream zone, whf
for the upstream filter - transition zones a maximum
8% passing sieve # 200 was allowed. The material wa
placed in 1 ifts of 200- 250 mm (8- 10 in.) and com
ted with 4 passes of 11-ton vibratory rollers. The
compacted material has an average 88.1% relative den
with less than 12% of the tests indicating less than
75% relative density (specifications requirements).
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Figure 2 Grain size composition of the till
The materia 1 is dried with difficulty by natura 1 evaporation and it is rapidly covered by a film of condensed
water when the air humidity rises. On the other hand,
the in situ water content is substantially higher than
its optimum (Standard Proctor), the degree of saturation reaching 95%.

INSTRUMENTATION

The laboratory compaction tests indicate hiqh sensitivity of this material to the compaction water content.
The dry density decreases rapidly with the increase
of the moisture content.

The complexity of the dam and the many novel solutio
which were incorporated, required the installation o
large number of instruments to monitor the behaviour
the embankment and its foundation (Dascal, 1973).

The relatively high natural water content of the till
(1 to 3.5% over its optimum water content) created
numerous difficulties during placement and compaction
operations (Dascal, 1982). The use in the first year
of heavy compaction equipment (50-ton tired rollers)
and the traffic of the loaded trucks induced large
deformations in the fill (ruts up to 200 mm (8 in.)
depth), resulting in its decompaction and cracking.
Thus the core material placed up to elevation 121 m (400
ft.)was compacted at an averaae water content of 1.4%
over the oPtimum while 42% of the in situ densitv tests
have indicated a dearee of comoaction below 97%.
Subseauentlv before olacement the till was dried in a
rotarv kiln reducina its water content bv an averaae
of 1. 6% over its ootimum and at the same time the heavy
compaction eaui oment was reel aced by 8 - 9 ton vi bra-

lhusthe dam's core is provided with the following in
ments :
30 electrical (vibrating wire) piezometers to mea
pore pressure development, in three typical cross
sections
600 m (2000 ft.) of inclinometers (Slope Indicate
Type) to measure deformations
26 extensometers (Carlson type) installed near tl
crest of the core along the longitudinal axis of
dam and in some cross-sections to detect possiblE
development of tension cracks due to differential
settlement of the embankment and its foundation.
The behaviour of the core can be inferred also from
instruments installed around the inspection tunnel
and from the instruments located in the downstream ~
562

First International Conference on Case Histories in Geotechnical Engineering
Missouri University of Science and Technology
http://ICCHGE1984-2013.mst.edu

POINTS DE TASSEMENENT
SETTLEME:NT POINTS

Figure 3 Instruments location in the dam
In practice anisotropies of 3 - 10 are considered normal
for compacted core material (till).

of the embankment. The embankment is provided with three
instrumented sections, the locations of the instruments
being illustrated in fig. 3. The deformation of the embankment is also monitored by 46 bench marks installed
at the surface of the crest and downstream shell of the
dam.

b) Dam as a homogeneous embankment
Assuming that the dam is behaving as a homogeneous embankment, a flow net can be constructed as i 11 ustrated
in fig. 4, and which is in.very good agreement with the
piezometric levels recorded by the piezometers. However,
as can be seen on the flow net chart, the phreatic line in
the shell should be relatively high and easily detec.ted
by a few piezometers. The validity of the hypothesis
requires that the permeability of the transition- shell
material be practically equal to the core's permeability.

CORE'S BEHAVIOUR DURING CONSTRUCTION AND RESERVOIR
IMPOUNDING
During compaction and remainder of the fill placement a
substantial increase of pore pressure in the core's
till material was detected. This increase seems to be
more pronounced in the till placed at a higher moisture
content and compacted with heavier equipment (till
placed below elevation 121 m (400 ft.), where the
ru= ufth (u= pore pressure, ih= weight of the
overlaying till) can reach ru = 0.40- 0.55. The till
placed at a lower water content (Kiln dried) and compacted with light vibrating rollers showsan ru ratio of
less than 0.2. However some piezometers installed at
elevation 190m (625ft.), exhibit ru ratios up to 0.4.
This high ratio can be attributed to the use of a finer
till on the upper part of the dam (average passing sieve
# 200, 51% as compared to 40% below this elevation).

To verify the possible presence of phreatic surface in
the downstream transition and shell the following supplementary piezometers were installed (fig. 5).
4 stand-pipe piezometers in the shell
2 stand-pipe piezometers in the downstream transition
zone
At the same time two (2) stand-pipe piezometers were installed in the core to check the accuracy and the reliability of the existing electrical (vibrating wire) piezometers.
The piezometers were installed in bore holes, excavated
by rotary drills with tri-cone bits and using compressed
air as drilling fluid. The piezometer tip embedded in a
clean sand pocket is sealed with a pure bentonite cushion
about 3m (10ft.) long and with a cement- bentonite
grout filling the remaining space of the bore hole. Thus
the piezometer readings can be considered to represent
fairly accurately the pore pressure at the tip's elevation.

The increase in pore pressure is followed by a relatively slow dissipation, the ru decreasing to 0.1 - 0.25
for all piezometers. With the reservoir's filling an
increase of the ru ratio is observed, reaching an average ru= 0.25 - 0.3 for the steady flow conditions.

ANALYSES OF THE CORE'S BEHAVIOUR

The r.esults recorded by these piezometers can be summarized as fo 11 ows :
the two piezometers installed in the core have confirmed the pore pressure values recorded by the
electrical piezometers. Thus piezometer no. 1, installed at a depth of 43.40 m (142.4 ft.),(elev. 168m
(551.2 ft.) indicates a piezometric level at elev.
204.21 m (670ft.), as compared to 204.46 m (670.8 ft.)
recorded by the electrical piezometer (PS-112), while
piezometer no. 2 installed at el. 180.00 m (590.6 ft.)
shows a level at el. 200.86 m (659.0 ft.) compared to
199.50 m (654.5 ft.) measured by the electrical piezometer (PS-109).
the four piezometers installed in the downstream shell
indicate that no continous free phreatic line exists
in the shell zone. However piezometer no. 5, installed at el. 167.58 m (549.8 ft.) shows the presence
of a few inches of water occurring erratically,

As mentioned in the introduction three hypotheses were
considered to explain the peculiar behaviour of the core.
a) High anisotropy of the core's permeability
Flow net ~tudies carried out have indicated that even
anisotropies as high as Kh/Kv = 1000 could not explain
the recorded high pore pressures. It should be mentioned that numerous test pits excavated in the core
during the dam's construction showed a relatively homo~eneous material, which does not permit us to infer
such a high anisotropy. Current experience shows that
natural tills exhibit in oeneral a oermeabilitv anisotroov varvina between 10 and 20 with extreme values
between 1 and 100 ( Parl! et a1. 1983). Thus it can be
assumed that comoacted till olaced in a dam's core,
which is well araded should have a much lower anisotrooy.
563
First International Conference on Case Histories in Geotechnical Engineering
Missouri University of Science and Technology
http://ICCHGE1984-2013.mst.edu

t

DAM'S AXIS

AXE DU BARRAGE

EL.34o'-o"

( K h ) CORE = I OO
Kv NOYAU

EPAULEMENT
SHELL
NOYAU
CORE

LIT DE LA RIVIERE
RIVER BED

SECTION TRANSFORMEE
TRANSFORMED SECTION

Figure 4 Flow-net analysis for homogeneous dam
probably perched water fed by atmospheric precipitation,
Similar perched water tables were also detected by piezometers 11, 12 and 13 installed in trenches excavated in
the downs-tream shell.
piezometer no 7a installed at elevation 170m (646.3
ft.) in the upper part of the downstream transition zone
(relatively close. to the core - fig. 5) has recorded the
water 1evel (pore pressure) at el. 197.5 - 198.4 m
{648- 551 ft.). However piezometer no. 8 installed at
el. 148.6 m (487.5 ft.) in the lowest part of the transition zone did not detect any water level.

should eventually explain the peculiar behaviour of
the dam's core.
To verify the validity of this hypothesis, three bore
holes (TFD # 14, TFD # 15 and TFD # 16) were drilled
the core in accordance with a special procedure prese
ted below.
The boreholes, located on the dam's crest, were reali
by rotary drilling with tri-cone bits, using compress
air as drilling fluid. After penetrating 1.5 to 3.0
(5 to 10ft.) in the core the drilling is stopped anc
followed by a waiting period of 1 - 2 hours during
which the rising water level and elapsed time are
recorded. After these measurements are completed, tt
casing is lowered by driving 0.3 - 0.6 m (1 - 2 ft.)
deeper than the bottom of the hole. Subsequently if
more water inflow can be detected the rotary drill inf
resumed, and the above-mentioned operation sequence i
repeated. If water inflow is detected after the cas i
is driven below the hole's bottom, the same waiting
period and measurements as mentioned above are carrie
out. It should be mentioned that the measurements ir
both cases start only after the bore hole is thorougl

The above-mentioned results indicate that no continuous
free water table exists in the downstream shell and consequently the transition zone is adequate to dissipate
the core's high pore pressure and to discharge the
seepage through the core. Thus the hypothesis of a
homogeneous embankment should also be discarded.
c) Cracking of the dam's core
The presence of some horizontal or subhorizontal cracks
or fissures through the dam's core which could easily
transmit high pore pressures to the downstream part,
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Figure 5 Piezometers location in the transition-shell
cleaned (of water, mud, debris, etc.). Subsequently,
the casing is driven deeper until no more inflow is
·detected.

by continuous air-lifting of the soft material. The
lowering of the casing by driving allowed the passage
of these soft zones and the resumption of the normal
procedure.

Attempts to recover some undisturbed samples, to eventually inspect the cracks, using a double-wall core
barrel were unsuccessful. In that the till had a relatively low cohesion, the sample was easily pulverized by
the compressed air.

A correlation between the infiltration (permeability)
measured in the three boreholes is illustrated in
fig. 7. As can be observed, the zones of weakness are
more developed in borehole # 14 where it can be shown,
the settlement of the foundation soil is more significant (due to its larger thickness), while in borehole
# 16 and in some measure in # 15 the infiltration zones
are less continuous.

The three bore holes at the upper 20- 30m (65 - 100
However
subsequently, down to the bottom of the holes (75 m
(250 ft.) depth), numerous zones with substantial
water inflow were detected. Considering that in this
material (till) no open cracks can exist, in practice
their presence is manifested by soft and more pervious
zones. The size and the significance of these zones
are translated into a coefficient of permeability, computed from the field measurements and using the correlation for variable head (ascending) permeability.
Figure 6 illustrates the log of one of the boreholes
and the detected permeability variations. As shown
the permeability varies between lQ-7 and lo-4 cm/s.
However it should be mentioned that the coefficient
of permeability for the zones where no inflows were
recorded, was computed assuming 1 - 2 ft. of water in
the hole. Thus the real permeability of these zones
could be even lower than the computed one.
ft.) depth did not detect any water inflows.

PROBABLE CAUSES FOR DEVELOPMENT OF ZONES OF WEAKNESS
The data presented above seem to confirm the existence
of zones of weakness (soft and permeable layers) located
in general below the 30m (1 DO ft.) depth. These layers
of weakness composed of loose muddy material, transmit
the reservoir level, with little loss of head to the
piezometers installed in the downstream part of the
core.
These soft zones may have started, probably during
construction, as horizontal cracks due to arching of
the core between the much less compressible filtertransition zones and shells. It should be mentioned
that the relatively high water content of the compacted
till and the till's compaction degree as compared to the
high relative density of the compacted filter-transition

In some instances the cleaning operation with compressed air, preceding the water inflow measurement, had
to be stopped to avoid internal erosion of the core
565
First International Conference on Case Histories in Geotechnical Engineering
Missouri University of Science and Technology
http://ICCHGE1984-2013.mst.edu

BORE HOLE TFD-I 4
FORAGE

~~~~::::~:~~ cmls

TU SAGE
CASING

108

0

te" 7

10"'

tO$

10...

!
---

"'--

_ j_

------40

~.-

--

60 --

.

1--

~·

l

--

'

HW
100

_j

I

~-J-

'
~

-

.j ---

I - .

4

-NW

I

---

I

-----

-_ nj__ _ ---

8'1__

140

f

!

PW

120

-- --

!---

-

- -

-

II

I
I

I

I

.I _ _
I
1-------li---IIIH--~~-20()_

L_ _ _ _ -

220 __

~0-

260 I

---------1--

;

Figure 6
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Permeability variations in borehole TFD # 14

zone, translate into significant differences in compressibility of these two materials. Then the relatively fast
tpplication of the water load (relatively rapid rise of
the reservoir) produced a substantial decrease in effec:ive stresses in the upstream shell and in the adjacent
~one of the core.
However the hydraulic load produced
tddition-al compressive stresses in the downstream transi:ion shell and in the adjacent zone of the core, thus
:ausing a slight expansion of the upstream shell, which
1ay have opened up cracks ·in the upstream part of the
:ore and closed any open cracks over a 1 imited distance
From the downstream face. In the crack the till was
~xpos-ed to swelling which probably closed the cracks
by softening of the till.

for the void ratio variation of 0.10

The relatively high permeability of these layers could
be explained also by the decompression of some layers
between block~ of core which remained hanging on to the
adjacent transition layers due to their differential settlement. As Lois_elle and Hurtubise (1977) pointed out
the coefficient of permeability of the compacted till
varies appreciably with relatively small changes in the
void ratio. Tests on various Quebec tills have shown
pel"meabil ity variations up to three orders of magnitude
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Correlation between permeabilities measured
in the three boreholes

The arching of the core is also confirmed by the magnitude of the loads acting on the inspection tunnel's
revetment. Total pressure cells installed on the outerside of the steel revetment have recorded vertical
effectives stresses of only 0.2~H ( '6 H= weight of the
overlaying fill) while the hori zonta 1 effective stress
amounted to 1ess than 0. 09 0 H.
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The opening of these cracks or the decompression of some
layers during construction can also be inferred from the
pore pressure development during construction and reservoir impounding. As illustrated in fig. 8, piezometers PS 101, PS 103 and PS 105, installed in the downstream part of the core, were recording pressures close
to reservoir level at the moment or very shortly after
the reservoir level reached the piezometer's elevation.
It can be assumed consequently, that because of the preexisting cracks or decompressed layers, the reservoir
head is directly and immediately transmitted to the
piezometers . It seems a1so that hydraulic fracturing
cannot be considered as the main cause for the development of these zones of weakness but rather as a secondary factor which eventually accentuated their development.

lt7S

Figure 8 Pore pressures in the dam's core
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